Deoxyribonucleic acid-ribonucleic acid (RNA) hybridization in formamide was used to isolate simian virus 40-specific RNA. Early in the lytic cycle, a 19S viral RNA species was observed. Late in the lytic cycle, 16S and 19S viral hr later (2). The RNA produced during the lytic cycle has been divided into "early" RNA, which is made before the onset of viral DNA synthesis, and "late" RNA, made after DNA synthesis has begun. The amount of viral RNA made late in the infectious cycle is about 40 times greater than the amount of early RNA (2). The RNA made late in the infection contains sequences homologous to 75 to 100% of the viral genome; the early RNA contains only about one-third as many sequences (2, 14, 17, 19, 20) .
During simian virus 40 (SV40) lytic infection of monkey kidney cells, host-cell ribonucleic acid (RNA) metabolism continues at a normal or even an increased rate (16) . Early in the lytic cycle, viral RNA constitutes only 0.01 to 0.1 % of the total RNA made in the cell. Later in infection, 2 to 3% of the total RNA synthesized is hybridizable to viral deoxyribonucleic acid (DNA; 2, 17, 19) . Analysis of viral RNA metabolism is thus complicated by continued host synthesis. Since various attempts to suppress selectively host RNA metabolism have proven unsuccessful, DNA-RNA hybridization is at present the only technique for the resolution and analysis of SV40 RNA metabolism.
We have utilized the technique of DNA-RNA hybridization in formamide (13) to produce undegraded and relatively pure SV40 homologous RNA for analysis of viral RNA metabolism. Labeled RNA from infected cells is hybridized in 50% formamide (13) to DNA immobilized on cellulose nitrate filters. The filters are washed free from nonhybridized material; the hybridized RNA is eluted from the filters with a high concentration of formamide and is subsequently analyzed on sucrose gradients or polyacrylamide gels. The RNA is undegraded after such treatment, and RNA of a molecular weight up to several million can be produced.
In BS-C-1 monkey cells infected at a multiplicity of 50 to 100 plaque-forming units per cell, viral DNA synthesis begins about 18 hours postinfection, and cytopathic effects appear about 24 1 hr later (2) . The RNA produced during the lytic cycle has been divided into "early" RNA, which is made before the onset of viral DNA synthesis, and "late" RNA, made after DNA synthesis has begun. The amount of viral RNA made late in the infectious cycle is about 40 times greater than the amount of early RNA (2) . The RNA made late in the infection contains sequences homologous to 75 to 100% of the viral genome; the early RNA contains only about one-third as many sequences (2, 14, 17, 19, 20) .
This report presents some of the properties of the different classes of viral RNA isolated by the formamide hybridization technique. First, the properties of the homogeneously sedimenting viral RNA species present in large amount in the cytoplasm late in the infection are described. Second, we examined early RNA, both by labeling infected cells early in the lytic cycle and by labeling cells later in the cycle in the presence of inhibitors of DNA synthesis. Finally, we investigated properties of the high-molecular-weight heterogeneous nuclear RNA (6) . The solution of RNA was incubated at 37 C for 18 hr with 5 to 10 ,ug of DNA immobilized on a membrane filter (7) . The SV40 DNA used for hybridization was prepared as before (2) from CsCl band purified virus (3) . After incubation, the filter was withdrawn from the solution, washed under suction with 50 ml of SSC (0.15 M NaCl, 0.015 M SOdium citrate) containing 0.5% (w/v) SDS. The filter was then incubated with 10 ml of hybridization buffer for 2 hr at 37 C. Finally, each side of the filter was washed under suction with 20 ml of SSC and 10 ml of hybridization buffer. To recover hybridized RNA from the filter, the filter was incubated at 37 C for 1 hr in 1 ml of elution buffer (90 volumes of formamide, 9 volumes of distilled water, 1 volume of SDS buffer). The eluate was collected, and the eluted RNA was precipitated by the addition of 100 ,ug of yeast transfer RNA, NaCl to 0.2 M, and 2 volumes of ethanol. RESULTS Late lytic homogeneous RNA species. The sedimentation profile of virus-specific RNA from BS-C-1 cells labeled 30 to 40 hr postinfection is shown in Fig. 1 and then hybridized in formamide to SV40 DNA immobilized on a cellulose nitrate filter. The hybridized RNA was eluted from the filter and analyzed by sucrose gradient band sedimentation. Two apparently homogeneous species of RNA, which sediment at 16S and 19S, were consistently found. The small amount of material sedimenting at less than 16S suggests that only a minimal amount of degradation occurred during the hybridization and elution steps. Depending upon labeling and extraction procedures, some heterogeneous material sedimenting at greater than 20S was also observed. No such species of RNA were detected in mock-infected cultures (Fig. 1) .
When the eluate from the formamide hybridization step was analyzed by electrophoresis through polyacrylamide gels (Fig. 2a) , the two main species of viral RNA were resolved to a greater degree. However, the RNA species which sedimented at 19S relative to the ribosomal markers migrated in the gel like RNA with an apparent sedimentation coefficient of about 22S. Polyoma virus RNA showed an electrophoretic profile almost identical to that shown in Fig. 2a (R. Weinberg, unpublished data). To determine the possible effects of the formamide hybridization procedure on the size and relative amounts of the two species, we applied whole cellular RNA, isolated from cells late in the infectious cycle, directly to an acrylamide gel without prior hybridization. The RNA from each fraction of the gel was hybridized independently to filter-bound SV40 DNA (Fig. 2b) . Although the data in Fig. 2b clearly confirm the existence of two RNA species, they have slightly different electrophoretic mobilities, perhaps owing to the exposure of the first sample (Fig. 2a) to the denaturing effects of formamide before gel electrophoresis.
A subsequent report examines in detail two properties of the 16S and 19S RNA species which affect their relative proportion and homogeneity as seen in the figures here. First, the 19S late lytic species is metabolically much more labile than the 16S. Second, the size of each of these species decreases with time, a phenomenon contributing to their band width in some of the gradient and gel profiles shown here. This latter phenomenon may derive from a decrease in the size of the polyadenylic acid tail of these RNA species as the messenger RNA molecules become older (R. A. Weinberg, in preparation). These two phenomena will not be examined further in this report.
The sedimentation rates in SDS-sucrose gradients of the two species shown in Fig. 1 are stable after recentrifugation, reextraction with phenol, and rehybridization of the RNA. The RNA in Fig. 3a was prepared as in Fig. 1 . Peak fractions from each of the two species were pooled and resedimented ( Fig. 3b and 3c ). Each RNA species resedimented at the same rate as originally observed. The peak tubes from these gradients ( Fig.  3b and 3c) were pooled, precipitated, resuspended in lysis buffer, and then reextracted with phenolchloroform-isoamyl alcohol in the presence of unlabeled, infected BS-C-1 cells. After reextraction, each RNA was rehybridized in formamide to SV40 DNA, eluted, and resedimented. Each RNA species continued to sediment at the rate initially observed (Fig. 3d and 3e) (18) conttaining 1% Nonidet P40, and the cytoplasmic virus-specific RNA species were extracted, purified by hybridizationz to S V40 DNA in formamide, anid characterized by centrifugation through 15 to 30% SDS-sucrose gradientts (Materials and Methods). The sedimentation conditions used here were 34,000 rev/min, 15 The infection, labeling, and cell fractionation are described in the legend to Fig. 6 . The eluates of the first cycle of formamide hybridization were rehybridized by the Gillespie and Spiegelman (7) procedure: 20 hr, 65 C in 6 X SSC, followed by ribonuclease treatment of 20 ,ug/ml, 1 hr at room temperature.
rehybridized by the standard Gillespie-Spiegelman technique (7) to SV40 DNA, BS-C-1 DNA, or blank filters containing no DNA. The eluted cytoplasmic RNA hybridized with high efficiency back to SV40 DNA. The nuclear RNA, significantly, hybridized less efficiently back to SV40 DNA (see below).
Early lytic RNA synthesis. Early RNA is defined as the class of viral RNA species which is synthesized from the beginning of the infectious cycle to the onset of DNA synthesis. Previous workers have shown that, in the presence of inhibitors of DNA synthesis, late RNA synthesis and late functions are suppressed (4, 10, 20) , whereas early RNA continues to be synthesized (20) . Thus, late RNA synthesis occurs at a time later than viral DNA synthesis, and is also dependent upon it. Besides inhibitors of DNA synthesis, actinomycin D at certain concentrations appears to allow the accumulation of relatively large amounts of early RNA with concomitant suppression of late RNA synthesis (5). We have studied the sedimentation properties of viral RNA synthesized early in the infectious cycle, and of viral RNA made in the presence of cytosine arabinoside (an inhibitor of DNA synthesis) or in the presence of actinomycin (an inhibitor of RNA synthesis).
Viral DNA synthesis is undetectable before the 16th hr postinfection (2). In Fig. 4 , we compare the sedimentation of late RNA (labeled from 40 to 46 The formamide hybridization technique can be used to prepare relatively pure early RNA in spite of its low concentration in the cell. Table 2 shows that almost 3% of the radioactively labeled RNA present 40 to 46 hr postinfection hybridized to SV40 DNA, about 100 times more than the amount hybridizing in the mock-infected control. Early RNA, labeled from 2 to 16 hr postinfection, hybridized to a value only about four times the background amount. Early RNA could be further purified, however, by eluting this RNA and rehybridizing it in a second cycle of hybridization to SV40 DNA. Under these conditions, the early RNA hybridized to SV40 DNA to a value 30 times higher than to the blank filter, and the late RNA hybridized 300 times more to SV40 DNA than to a blank filter.
Heterogeneous nuclear RNA. The sedimentation analysis of extracts of unfractionated, infected cells indicated that SV40 RNA contains both homogeneous RNA species, and high-molecularweight heterogeneous RNA (Fig. 1) . Figure 6 shows that, late in infection, the high-molecularweight heterogeneous viral RNA is largely nuclear whereas the homogeneous species are largely cytoplasmic (21, 24) . The gradients were centrifuged for a short time to demonstrate the large size of the heterogeneous material, and thus do not adequately resolve the two cytoplasmic species (Fig. 6b) . Figure 6 suggests that the more rapidly sedimenting nuclear RNA does not represent aggregation of low-molecular-weight RNA, because such material is present only in the nuclear fraction. However, a more rigorous proof of the covalent integrity of the high-molecular-weight RNA is provided by the DMSO gradient analysis of Fig.  7 . Whole-cell RNA (nuclear plus cytoplasmic) from cells late in the lytic cycle was centrifuged on a DMSO gradient stabilized with sucrose. Although the DMSO gradient has low resolving power, and does not separate the two homogeneous cytoplasmic species, it demonstrates that much of the heterogeneous viral RNA sediments u})18s Three cultures of BS-C-J cells were infected at a multiplicity of 100 plaque-forming units/cell. After virus adsorption, two plates were refed with medium containing cytosine arabinoside (AraC) at 5 ,ug/ml; the third was refed with normal medium. Cells were labeled in the presence of the drug from 22 to 33 hr postinfection in the case of the first two plates. The third was labeled at the same time without the drug. The RNA from the drug-treated and control cultures were hybridized in formamide to SV40 DNA, eluted, and analyzed on SDSsucrose gradients. much further than even 285 ribosomal RNA. Since a complete transcript of the viral genome should sediment as 27S RNA, we can confirm the reports of others that there are RNA molecules of double and triple the length of the genome which contain viral sequences and which do not appear to be aggregates (1, 24) . The large viral homologous RNA molecules might derive from the transit of the RNA polymerase molecule several times around the circular viral DNA template before the nascent RNA chain is terminated. This possibility is unlikely in view of the data presented in Table 3 . Highmolecular-weight viral RNA was prepared by the formamide hybridization-elution procedure and sedimented on a DMSO gradient. The material sedimenting faster than 28S ribosomal RNA (Fig. 7a) hybridized back to SV40 DNA at a much lower efficiency than does viral homologous RNA smaller than 28S (Table 3 ). This lower efficiency of hybridization back to viral DNA may arise because high-molecular-weight viral RNA might hybridize with a lower efficiency than lower-molecular-weight viral RNA containing the same sequences. However, when the highmolecular-weight viral RNA was degraded by limited alkali treatment, the hybridization efficiency of the resulting fragments (Fig. 7b) did not increase (Table 3 ). This experiment indicates that the high-molecular-weight viral homologous RNA molecules prepared by the formamide hybridization-elution procedure contain a far smaller proportion of SV40 sequences than their lower-molecular-weight counterparts (see also 8, 24) .
Additional control experiments (S. 0. Warnaar, unpublished data) indicated that the high-molecular-weight viral RNA is not an artifact of the type of virus used to infect the cells, nor of the type of viral DNA used for the hybridization-elution step. Thus, this viral RNA can be isolated from cells infected with plaque-purified SV40 virus, by hybridization to DNA derived from plaquepurified virus. The latter control precludes the possibility that the nonviral sequences found in the heterogeneous RNA arise exclusively from host DNA sequences incorporated into the viral DNA of SV40 virus passaged at high titer (11) . Recent experiments, with the formamide hybridization-elution technique described in this One infected BS-C-1 culture was labeled as in Fig. 1 . After washing with phosphate-buffered saline, the cells were swollen in RSB buffer (18) . The cells were homogenized with a Dounce-type homogenizer and the nuclei were sedimented by centrifugation. The supernatant fluid was termed the cytoplasmic fraction; the pellet was termed the nuclear fraction. RNA from each fraction was extracted and hybridized in formamide to SV40 DNA. The paper, have demonstrated that high-molecularweight viral RNA molecules from lytically infected cells contain covalently linked sequences which are complementary to both the viral and host-cell genomes (S. Rozenblatt and E. Winocour, in preparation). DISCUSSION The application of the formamide hybridization technique to SV40 RNA metabolism has indicated the existence of discrete viral RNA species. A 19S species is made early in infection, whereas 16S and 19S species are made late in the infectious cycle. The existence of one or both of these species was suggested by previous reports (15, 24) . These homogeneous species all appear to be localized in the cytoplasm, and all contain polyadenylic acid sequences (R. Weinberg, Z. Ben-Ishai, J. E. Newbold, and R. Dulbecco, in preparation). They are probably messenger RNA species, but this can be shown only by a demonstration of their functional association with polyribosomes.
It would be tempting to suggest that the early 19S species and the late 19S species are identical in base sequence and represent the early portion of the viral genome, whereas the 16S RNA is 3 transcribed from the late portion of the genome. The molecular weights of the 16S and 19S species (ca. 650,000 and 900,000) together add up to approximately the molecular weight expected for a complete transcript of the viral genome (ca. 1.5 X 106). However, preliminary experiments show that the late 16S and 19S species saturate similar proportions of the viral genome, and appear to compete strongly with each other for the same DNA sequences (S. 0.
Warnaar and E. Winocour, unpublished data).
The late 16S and 19S species may thus be derived from overlapping parts of the viral genome rather than mutually exclusive portions, and the 19S and 16S may have a precursor-product relationship. The heterogeneous high-molecular-weight bPooled fractions 2-10 of Fig. 7a after deoxyribonuclease treatment.
c A sample of pooled fractions 2-10 of Fig. 7a was treated with 0.05 M Na2CO3 (pH 11.0) for 3 min at 80 C. After cooling and neutralization, the RNA was centrifuged on a DMSO gradient as shown in Fig. 7b . Fractions 16-22 of this second gradient were pooled and used, after deoxyribonuclease treatment.
d Fractions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in Fig. 7a after deoxyribonuclease treatment.
SIMIAN VIRUS 40 RNA nuclear RNA of the virus may, in turn, be precursor to the cytoplasmic homogeneous species.
SV40-transformed cells contain a virus-related high-molecular-weight nuclear RNA (12, 24) which contains sequences complementary to both the viral and cellular genomes (25) . Such molecules arise, presumably, by the co-transcription of integrated viral DNA and adjacent cellular DNA. It has recently been demonstrated -that, under certain conditions of lytic infection, closed circular SV40 DNA molecules containing a covalently linked segment of host DNA are produced (11, 23) . These molecules probably arise from virus DNA which integrated into host chromosomal DNA and which was subsequently excised t6gether with a segment of host DNA. Recent experiments have also demonstrated that SV40-induced high-molecular-weight nuclear RNA, from lytically infected cells, hybridizes both to ,plaque-purified viral DNA and to hostcell DNA (S. Rozenblatt and E. Winocour, in preparation). We would therefore suggest that the high molecular weight of some of the SV40 nuclear RNA is due to the co-transcription of host and viral DNA sequences during lytic infection.
The formamide hybridization technique presented here can be used to make viral RNA for analytical and preparative purposes. The technique may prove useful for the isolation of other RNA species transcribed from episomal or viral genomes. We are presently attempting in vitro translation of the viral RNA prepared by this procedure.
